In contrast with most bacteria which possess two type II topoisomerases (topoisomerase IV and DNA gyrase), Mycobacterium tuberculosis possesses only one, DNA gyrase, which is functionally a hybrid enzyme. Functional differences between the two type IIA topoisomerases are thought to be specified by a CTD (C-terminal DNA-binding domain), which controls DNA recognition. To explore the molecular mechanism responsible for the hybrid functions of the M. tuberculosis DNA gyrase, we conducted a series of sequence analyses and structural and biochemical experiments with the isolated GyrA CTD and the holoenzyme. Although the CTD displayed a global structure similar to that of bona fide GyrA and ParC paralogues, it harbours a second key motif similar in all respects to that of the conserved GyrA-box sequence motif. Biochemical assays showed that the GyrA-box is responsible for DNA supercoiling, whereas the second GyrA-box-l (GyrA-box-like motif) is responsible for the enhanced decatenation activity, suggesting that the mechanistic originality of M. tuberculosis DNA gyrase depends largely on the particular DNA path around the CTD allowed for by the presence of GyrA-box-l. The results of the present study also provide, through phylogenetic exploration of the entire Corynebacterineae suborder, a new and broader insight into the functional diversity of bacterial type IIA topoisomerases.
INTRODUCTION
Modulation of DNA topology occurs as a consequence of cellular events that take place during cell life [1] . The enzymes that manage DNA reorganization, DNA topoisomerases, act by creating transient local DNA breaks in one or both strands of the DNA double helix (type I and type II topoisomerases respectively) and passing second DNA segments through the breaks. Whereas type I DNA topoisomerases are ATP-independent monomeric enzymes, type II topoisomerases are large macromolecular machines (homodimers or heterotetramers) that use ATP to drive conformational changes associated with the double-stranded DNA transfer events. All cellular genomes encode at least one type II DNA topoisomerase since these enzymes, via their decatenation activity, are essential for chromosome segregation at the end of replication. They can also relax positive superturns that accumulate in front of replication forks and transcription bubbles and some of them (DNA gyrases) can introduce negative superturns into topologically closed DNA molecules. Type II DNA topoisomerases have been classified into two distinct evolutionary families, IIA and IIB, with uneven distribution in the three domains of life (archaea, bacteria and eukarya). Most bacteria, including the model organisms Escherichia coli and Bacillus subtilis, express two distinct type IIA topoisomerases, DNA gyrase and Topo IV (topoisomerase IV), that are both essential for proper cell-cycle progression.
Bacterial type IIA topoisomerases are made up of two subunits, GyrA or ParC and GyrB or ParE, for DNA gyrase and Topo IV respectively, which form the catalytically active heterotetrameric (A 2 B 2 and C 2 E 2 ) enzymes. DNA gyrase and Topo IV subunits share similar functional and structural arrangements [1] and are thought to be paralogues that resulted from gene duplication of an ancestral type IIA topoisomerase [2] . Subunits GyrB and ParE consist of two domains, the N-terminal ATPase and the Cterminal Toprim domain, whereas GyrA and ParC consist of the Nterminal BRD (breakage-reunion domain) followed by the CTD (C-terminal domain) ( Figure 1 ). Dynamic interactions between these two subunits couple ATP binding and hydrolysis with DNA binding, cleavage and strand transport to physically move one DNA duplex through another [3, 4] .
Although Topo IV and DNA gyrase are homologous, their substrate selection and activity are strikingly different. DNA gyrase introduces a right-handed wrap in the DNA which, after strand passage, results in the introduction of negative supercoils thereby assisting in the underwinding of bacterial genomes [5] . In contrast, Topo IV preferentially relaxes DNA supercoils, being more active on positively rather than on negatively supercoiled DNA, and is a robust DNA decatenase [6] [7] [8] . These functional differences are clearly related to the DNA gyrase CTD [9, 10] . Loss of the CTD abolishes the supercoiling activity of DNA gyrase that functionally becomes a Topo IV-like enzyme [9] . A major determinant in discriminating between DNA gyrase and Topo IV activities is the so-called GyrA-box (present in GyrA, but not in ParC), a conserved motif (QxRGGK/RG) found in the first blade of the CTD. Indeed, loss of the GyrA-box completely eliminates the ability of DNA gyrase to negatively supercoil DNA [11, 12] . In contrast, removal of the Topo IV CTD ablates the holoenzyme's preference for its favoured substrates, positively supercoiled and catenated DNAs [10, 13] . The mechanism behind these substrate selection mechanisms is still under debate [13, 14] . It has been suggested recently that the orientation of the CTD within the heterotetramer may play a role in enzyme specificities [3] . Structural studies of several DNA gyrase CTDs have revealed that they all adopt the predicted six-bladed β-pinwheel fold, but display different shapes of the pinwheel (Borrelia burgdorferi [15] , E. coli [16] and Xanthomonas campestris [17, 18] ). The fact that the E. coli and X. campestris DNA gyrase CTDs adopt a spiralshaped pinwheel, whereas the B. burgdorferi CTD adopts a flatshaped pinwheel, suggests that the CTD shapes could control the variability in the DNA wrapping mechanism supported by DNA gyrase CTDs. The structure of Topo IV CTDs is also a pinwheel, mostly in an open conformation, but the obvious difference as compared with the DNA gyrase CTD is the number of blades ranging from zero (Chlamydia) to eight (Clostridium) in the case of Topo IV CTD [10] .
In addition to playing a crucial role in cellular events such as replication, recombination and transcription, bacterial DNA gyrase and Topo IV are the targets of a major family of antibiotics, the fluoroquinolones. These antibiotics form the cornerstone of several treatments for infections with major pathogens, such as multidrug-resistant tuberculosis. Sequencing of the first complete genome of the human pathogen causing tuberculosis revealed that Mycobacterium tuberculosis encodes only one type IIA topoisomerase, i.e. DNA gyrase [19] . Interestingly, the same situation is observed in other human pathogens, such as Treponema pallidum, the causative agent of syphilis, Helicobacter pylori and Campylobacter jejuni, responsible for gastrointestinal infections, and Mycobacterium leprae, the causative agent of leprosy [20] [21] [22] [23] . We have shown previously that M. tuberculosis DNA gyrase is functionally a hybrid enzyme as reported before for Mycobacterium smegmatis DNA gyrase [24, 25] . In addition to its normal supercoiling activity (comparable with that of E. coli DNA gyrase for example), the decatenation activity is superior to that of DNA gyrase from species harbouring two type IIA topoisomerases. In addition, even if fluoroquinolones are very effective in treating tuberculosis, the M. tuberculosis DNA gyrase is naturally less susceptible to fluoroquinolones than other bacterial DNA gyrases are [26, 27] . In order to investigate the molecular bases of these two unusual properties, we previously solved the structures of the subunit B Toprim and subunit A BRD domains which constitute the catalytic core of the M. tuberculosis DNA gyrase [28] . These structures allowed us to identify original mechanistic properties of quinolone binding and to clarify the relationships between resistance phenotype and key residues [28] .
In order to provide further data concerning the M. tuberculosis DNA gyrase specificities, we have now determined the crystal structure of the CTD and carried out biochemical studies on the isolated GyrA CTD and the holoenzyme. We confirm that the GyrA-box is involved in the supercoiling, and show that the three conserved glycine residues of the motif are crucial for these activities. We also highlight the existence of a second GyrA-box-l (GyrA-box-like motif) in the fifth blade ( Figure 1 ) and show that it is directly involved in the decatenation activity of M. tuberculosis DNA gyrase, with the conserved glycine residues, similar to those of the canonical GyrA-box, playing a crucial role. Our results suggest that the mechanistic originality of M. tuberculosis DNA gyrase depends largely on the DNA path around the CTD and that it is linked to the presence of GyrA-box-l in the CTD. As demonstrated recently for E. coli DNA gyrase [4] , the results of the present study show that DNA gyrase can have a range of activities that may depend on only discrete species-specific structural differences.
EXPERIMENTAL

Plasmids and reagents
Plasmids pATB and pBTB, containing the Wt (wild-type) gyrA and gyrB genes respectively, of M. tuberculosis have been described previously [27] and were used for transformation of E. coli BL21-CodonPlus(λDE3)-RP cells (Stratagene). Moxifloxacin was provided by Bayer Pharma. Supercoiled pBR322 DNA was purchased from New England Biolabs, relaxed pBR322 DNA from John Innes Enterprises (Inspiralis) and kDNA (kinetoplast DNA) from Topogen.
In vitro mutagenesis
Plasmids encoding M. tuberculosis gyrA or gyrB mutant genes were generated from pATB or pBTB using the QuikChange ® sitedirected mutagenesis kit (Stratagene), with minor modifications, according to the manufacturer's instructions. Mutagenesis products were dialysed on nitrocellulose filters (0.025 μm; Millipore) for 1 h, and 2 μl of the dialysate were used to transform E. coli TOP10 cells by electroporation. Primers for mutagenesis were synthesized by Sigma-Aldrich. After mutagenesis, plasmids were purified using the High Pure Plasmid Isolation kit (Roche) and entirely sequenced to ensure the absence of unwanted mutations.
Overexpression and purification of DNA gyrase Wt and mutant proteins
Both DNA gyrase subunits were purified as described previously [29] . The incubation after induction with IPTG was carried out at 28
• C for 6 h, except for GyrA-box-l G749A for which the incubation was carried out at 18
• C for 18 h. The expression levels of the M. tuberculosis GyrA mutant proteins were similar to those of Wt GyrA (results not shown). All GyrA and GyrB Wt and mutant proteins were found in the soluble fraction of the cell extract; they were purified by nickel-chelate chromatography, assessed for purity by SDS/PAGE and kept in aliquots in storage buffer at − 80
• C. Protein concentrations were measured with a Nanodrop ND-1000 instrument.
Structure determination of the Wt and GyrA-box G540A mutant CTD Cloning, overexpression and purification of the M. tuberculosis DNA gyrase CTD has been reported recently [30] . Briefly, the 36 kDa CTD His-tagged protein was overproduced in Rosetta 2(DE3)pLysS Competent Cells (Novagen), and purified on a Ni 2 + -chelating HisTrap HP column (GE Healthcare), a HiTrap Heparin HP column (GE Healthcare) and size-exclusion chromatography using a Superdex 75 10/300 column (GE Healthcare). The protein was concentrated to 15 mg/ml in 50 mM Tris/HCl (pH 8) and 300 mM NaCl. Cleaving the N-terminal His-tag was crucial for obtaining crystals. The best diffracting crystals were obtained using the hanging-drop vapour diffusion method at 293 K in 20-30 % PEG 3350, 0.1 M Hepes (pH 7.5) and 0.1 M NaCl. Diffraction data were collected to 1.4 Å (1 Å = 0.1 nm) resolution. Crystals belonged to space group P2 1 2 1 2 1 with one molecule in the asymmetric unit and low solvent content (33 %). The structure was solved by molecular replacement using the E. coli DNA gyrase CTD (PDB code 1ZI0) as the starting model. Structure refinement was carried out with BUSTER-TNT to 1.4 Å resolution [31] . Model building was performed manually with the program Coot [32] . Model refinement statistics are summarized in Table 1 for the Wt and in Supplementary Table S1 (at http://www.biochemj.org/bj/455/bj4550285add.htm) for the GyrA-box G540A mutant CTD.
Analytical ultracentrifugation
Sedimentation velocity experiments were performed in a Beckman XL-I analytical ultracentrifuge using a double-sector charcoal-Epon cell at 20 • C and 42 000 rev./min. Absorbance scans were taken at 276 nm every 6 min. The protein concentration was 1 mg/ml corresponding to 28.3 μM in 20 mM Tris/HCl (pH 8) and 300 mM NaCl. The program Sednterp 1.09 (available at http://www.rasmb.org) was used to calculate solvent density (0.9988 g/cm 3 ), solvent viscosity (0.010069 Poise) and partial specific volume (0.7340 ml/g) using the amino acid composition. The sedimentation data were analysed with the program Sedfit [33] using the continuous c(s) and c(M) distributions. Theoretical sedimentation coefficients were calculated from the crystal structure PDB file using Hydropro 7c [34] with a hydrated radius of 3.4 Å for the atomic elements. Sedimentation data were analysed with appropriate values of solvent density and viscosity and showed that one monomeric species was observed with a sedimentation coefficient of 2.84 + − 0.2 S, in agreement with the †R work = F obs |-|F calc / |F obs | and R free = F obs |-|F calc / |F obs |, where the sum is restricted to reflections that belong to a test set of 5 % randomly selected data.
theoretical sedimentation coefficient value calculated from the crystal structure (3.0 S).
CD spectroscopy
CD spectra were recorded on an Aviv 215 spectropolarimeter (Aviv Biomedical) with protein samples at 0.4-0.7 mg/ml in 50 mM PBS (pH 8.0), with 200 mM NaF. Far-UV CD spectra were recorded between 185 and 260 nm using a cylindrical cell with 0.02 cm pathlength and an averaging time step of 1 s per step. Three consecutive scans from each sample were merged to produce an average spectrum and corrected using buffer baselines under the same conditions. Data were normalized to the molar peptide bond concentration and pathlength and were expressed as mean residue ellipticity
. The relative secondary structure content was estimated from the far-UV CD spectra using the CDSSTR routine [35] of the DICHRO-WEB server [36] run with the SP175 reference dataset [37] containing 72 proteins representing a large panel of secondary structures. Similar results were obtained from different datasets [35] and using the CONTIN/LL routine [38] .
DNA supercoiling activity assays
DNA supercoiling activity was assayed with recombinant M. tuberculosis Wt GyrB and Wt or mutant GyrA using relaxed pBR322 DNA as substrate. The assay reaction mixture (30 μl) contained supercoiling buffer [120 mM Tris/HCl (pH 7.5), 75 mM KCl, 6 mM spermidine, 12 mM DTT, 1.08 mg/ml BSA, 18 mM magnesium acetate, 0.3 mM EDTA and 1 mM ATP], 300 ng of relaxed pBR322 and GyrA or GyrB. Equivalent molar amounts of GyrA and GyrB subunits were used in the enzyme assays. Various amounts of DNA gyrase and various concentrations of KGlu (potassium glutamate) were tested to optimize the assay. The mixture was incubated for 1 h at 37
• C. The reaction was terminated by adding 12 mM EDTA and by incubating at 37
• C for 5 min. The reaction was then deproteinized by adding 2 μl of SDS (2 %; w/v) and 2 μl of proteinase K (1 mg/ml) and further incubated for 15 min. After 5-16 h at 50 V the gel was stained with ethidium bromide (0.5 μg/ml). Supercoiling activity was assessed by scanning the fluorescence of the bands corresponding to the supercoiled pBR322 DNA using Molecular Analyst ® software (Bio-Rad Laboratories). One unit of enzyme activity was defined as the minimum amount of each subunit that converted 0.3 μg of relaxed pBR322 into the supercoiled form in 1 h at 37
• C.
DNA cleavage assays
The DNA cleavage assays were performed in supercoiling buffer supplemented with 250 mM KGlu (pH 8.0) and containing 300 ng of supercoiled pBR322 DNA as substrate. A fixed concentration of a breakage inducer (moxifloxacin 15 mg/l) was used and the reaction mixtures (20 μl) were incubated for 1 h at 25 • C, after which 2 μl of SDS (2 %; w/v) and 2 μl of proteinase K (1 mg/ml) were added to release DNA breaks. The incubation was continued for 30 min at 37
• C. The reaction was terminated and DNA products were quantified as described for the supercoiling assay. The extent of DNA cleavage was quantified with the Molecular Analyst ® software (Bio-Rad Laboratories). For DNA cleavage assays, since the definition of units is not usually done because the cleavage varies with regard to the concentration of quinolones, we defined 1 unit of cleavage activity as the amount of enzyme able to cleave 50 % of 0.3 μg of supercoiled pBR322 in the presence of 15 μg/ml moxifloxacin in 1 h at 25
Decatenation of kDNA
For the decatenation assay, enzymes were added to buffer [1.6 mM Tris/HCl (pH 7.5), 10 mM NaCl, 10 mM DTT, 50 μg/ml BSA, 1 mM ATP and 6 mM MgCl 2 ] containing 450 ng of kDNA as substrate and 250 mM KGlu in a final volume of 20 μl. After 1 h at 37
• C, the reaction was terminated by adding 12 mM EDTA and by incubating at 37
• C for 5 min. The reaction was then deproteinized by adding 2 μl of SDS (2 % w/v) and 2 μl of proteinase K (1 mg/ml) and further incubated for 15 min. The assay was terminated and the DNA products (minicircles) were quantified as described for the supercoiling assay. One unit of enzyme activity was defined as the amount of each subunit that produced total decatenation of 0.45 μg of kDNA in 1 h at 37
• C. For all assays, specific activity of each protein was defined in a titration experiment where the GyrA recombinant subunit was tested with a constant quantity of the Wt GyrB subunit in excess.
Wt M. tuberculosis and E. coli type II topoisomerases were used as positive control. DNA gyrase and Topo IV from E. coli (John Innes Enterprises) were tested according to the manufacturer's instructions. To facilitate comparison of the results, all assays with Wt and mutant enzymes were performed in parallel on the same day and all were performed at least three times with reproducible results.
Sequence alignment
A BLAST search with the M. tuberculosis GyrA sequence was performed at the UniProt website (http://www.uniprot.org/). We used the sequence cluster database UniRef50 in order to cover bacterial sequence diversity and retrieved 23 homologous sequences that were aligned with the PipeAlign program suite [39] . For clarity, sequences for which the crystal structure of the CTD is known were added, i.e. those of E. coli, B. burgdorferi and X. campestris. The 26 sequences were aligned using PipeAlign again and manually corrected on the basis of the secondary structure information. In addition, a BLAST search was performed within the Corynebacterineae suborder and 133 sequences were retrieved (fragments were not considered). All except one were found to correspond to a DNA gyrase sequence as they possess a GyrA-box and among all the GyrA-box-l motifs were found to be highly conserved.
Electrophoretic mobility shift assay
EMSA (electrophoretic mobility-shift assay) was performed with IRDye-labelled double-stranded oligonucleotide [40] . Only the forward oligonucleotide was labelled 5 with the IRDye TM 700 (IR700, 5 -TAAGTAGTTCGCCAGTTAATAGT-TTGCGCAACGTTGTTGCCATTG-3 ). Detection was made using the Odyssey Infrared Imaging System (LI-COR). The DNA-binding reactions were set up by incubating increasing amounts of protein and 2.55 pmol of a 45 bp oligonucleotide for 60 min at room temperature (25 • C) in 30 μl of binding buffer [70 mM Tris/HCl (pH 7.5), 70 mM NaCl, 5 mM DTT and 5 % (v/v) glycerol]. The resulting DNA-protein complex was separated from free oligonucleotide on native polyacrylamide (6.0 %) gel using buffer [45 mM Tris base, 45 mM boric acid and 1 mM EDTA]. Orange G loading dye (1 μl at 10 × ) was added, the gels were scanned, and the signals were visualized using the Odyssey Infrared Imaging System (LI-COR) and quantified with Odyssey Software Release 1.1 (LI-COR).
Accession numbers
The accession number for the co-ordinates and structure factors of the DNA gyrase CTD structure to 1.4 Å resolution in the PDB is 4G3N.
RESULTS
Structure of the M. tuberculosis DNA gyrase CTD
We previously determined the structure of the two domains forming the catalytic core of M. tuberculosis DNA gyrase, i.e. the subunit B Toprim and the subunit A BRD domains [28] . To further study the specificity of M. tuberculosis DNA gyrase, we recently solved the structure of the subunit A CTD to 1.4 Å resolution [30] ( Figure 2 ). The asymmetric unit contains one CTD molecule, in agreement with analytical ultracentrifugation experiments which showed that the CTD is monomeric in solution. The recently published structure of M. tuberculosis CTD [18] is highly similar to the structure we determined (RMSD of 0.59 Å for 249 Cα atoms). As seen in other DNA gyrase CTDs, the M. tuberculosis CTD forms a right-handed spiralled six-bladed β-pinwheel fold. The structure is much more similar to that of the E. coli and X. campestris DNA gyrase CTDs (with RMSD values of 1.43 and 1.58 Å respectively over 260 equivalent Cα atoms) than to that of the B. burgdorferi CTD which adopts a flat-shaped pinwheel (3.22 Å over 260 common Cα atoms) [15] [16] [17] [18] . As observed by Tretter and Berger [18] , the M. tuberculosis CTD displays the nonplanar architecture, despite the presence of a glutamine residue in the fourth β-strand of the second blade (Supplementary Figure  S1 at http://www.biochemj.org/bj/455/bj4550285add.htm). This contradicts the previous proposal that a proline residue at this position is essential for the non-planar architecture of the E. coli CTD [17] and suggests that an additional mechanism must mediate the conformation of the CTD domain.
Residues 539-545 (RGGKGVQ) could not be built in the electron-density map as already observed in other available CTD structures. These residues belong to the β2-β3 loop of blade 1 and largely correspond to the GyrA-box motif, showing that the functional role of the GyrA-box requires the flexibility of this peptide loop. All the β2-β3 loops of the five other blades, including the loop containing the GyrA-box-l, are well defined and stack on the preceding N-terminal blade, forming, together with the small β3-strand (two amino acids), the so-called 'scratch loops' reminiscent of the β-pinwheel fold (Figures 2A and 2B) .
We also tested the ability of the DNA gyrase CTD to bind a 45 bp linear DNA fragment randomly chosen from the plasmid pBR322 using gel-shift assays (results not shown). The GyrA CTD forms a discrete DNA-protein complex when using a molar excess of protein of 1.2, confirming, as has already been observed, that the CTD alone is able to bind DNA [8] .
GyrA-box is not implicated in the strong decatenase activity of M. tuberculosis DNA gyrase, but is essential for DNA supercoiling A major difference between DNA gyrases and DNA Topo IV is the presence of a GyrA-box in the CTD domain (residues 537-543 in the M. tuberculosis sequence) [11] . The presence of a GyrA-box is indeed a signature that allows discrimination between DNA gyrases and DNA Topo IV at the sequence level. We wondered if the slight difference between the E. coli and M. tuberculosis GyrA-boxes (one non-conserved amino acid) could explain the strong decatenase activity of M. tuberculosis which is reminiscent of that exhibited by Topo IV. We thus replaced Lys 538 in M. tuberculosis GyrA by arginine (present in E. coli at this position). In addition, we constructed a mutant in which we replaced the amino acids Val 544 /Gln 545 of the small β3 loop of M.
tuberculosis with the lysine and serine residues present in E. coli at the corresponding positions, as this small loop could drive the positioning of the GyrA-box by interacting with the β-sheet of the preceding blade (Figure 2A ). The decatenase activity of each of the two mutants (2 × 10 3 units/mg) was similar to that of the Wt (2 × 10 3 units/mg) (results not shown), indicating that the nonconserved residue of the GyrA-box and the small adjacent β3-strand residues are not implicated in the strong decatenase activity of M. tuberculosis DNA gyrase.
It was previously shown that the GyrA-box is crucial for DNA gyrase supercoiling activity by replacing all amino acids of the box with alanine residues or deleting the whole motif [11] . It was also shown that the positively charged amino acids present in the GyrA-box are essential for DNA wrapping and subsequent supercoiling [41] . In order to explore further the role of the M. tuberculosis GyrA-box residues, we replaced the three strictly conserved glycine residues (Gly 540 , Gly 541 and Gly 543 ) with alanine, either individually or simultaneously (Figure 1 ). In addition, Gly 543 was replaced accidentally during the cloning process by the positively charged lysine residue. We tested the supercoiling activity of the five mutant enzymes at different concentrations of KGlu, since a possible KGlu effect on the supercoiling activity of DNA gyrases from different species has been shown, with increase in this activity in M. tuberculosis and S. pneumoniae DNA gyrases and decrease in the E. coli DNA gyrase activity [25, [42] [43] [44] [45] . The GyrAbox G540A mutant enzyme had supercoiling activity similar to that of the Wt enzyme (5 × 10 4 units/mg and 5 × 10 5 units/mg respectively), whereas GyrA-box G541A , GyrA-box G543A , GyrAbox G543K and GyrA-box Gx3A mutant enzymes had reduced or no supercoiling activity when tested in the presence of KGlu (250 mM) (Figure 3) . The supercoiling activities of the GyrAbox G541A and GyrA-box G543A mutant enzymes (2 × 10 4 units/mg and 8.5 × 10 3 units/mg respectively) were restored by lowering the KGlu concentration, reaching the supercoiling activity of the Wt enzyme in the absence of KGlu. However, GyrA-box G543K and GyrA-box Gx3A mutant enzymes remained unable to supercoil DNA, even in the absence of KGlu (results not shown). These results indicate that, in addition to the positively charged residues, at least one of the two conserved glycine residues of the
Figure 3 Supercoiling activities
Supercoiling activity of (A) Wt M. tuberculosis (Mt Gyr) and E. coli DNA gyrase (Ec Gyr), (B) GyrA-box mutant and (C) GyrA-box-l mutant M. tuberculosis DNA gyrase. It should be noted that supercoiling activity of several mutant enzymes (GyrA-box G540A , GyrA-box G541A and GyrA-box G543A ) decreases at high concentrations. This could be explained by partial protein aggregation at very high concentration. Protein concentrations are indicated in nM. Supercoiling activity was measured in the presence of KGlu (250 mM). R, relaxed form; S, supercoiled form; TR, pBR322 relaxed; TS, supercoiled pBR322.
GyrA-box is essential for supercoiling activity. These results show that increasing the positive charge of the motif does not enhance, but rather abolishes, supercoiling activity. They also indicate that the KGlu concentration modulates the supercoiling activity, at least partly, by controlling the protein-DNA interactions mediated by the GyrA-box.
We also tested the decatenation activity of our mutants in comparison with the corresponding activities of E. coli DNA gyrase, E. coli Topo IV and Wt M. tuberculosis DNA gyrase. It has been shown that E. coli Topo IV also has a much higher decatenation activity than E. coli DNA gyrase, whereas M. tuberculosis DNA gyrase has an intermediate activity. The minimal concentration at which E. coli Topo IV was able to decatenate 450 ng of kDNA in 1 h at 37
• C (i.e. 1 unit) was 1.4 nM. Under the same experimental conditions, decatenation was obtained at 132 nM with M. tuberculosis DNA gyrase ( Figure 4A ). By contrast, at the same concentration E. coli DNA gyrase only partially unlinked kDNA (with a large proportion remaining in the well; Figure 4A ). The GyrA-box G540A , GyrA-box G541A , GyrAbox G543A , GyrA-box Gx3A and GyrA-box G543K mutant enzymes showed decatenation activities of 2 × 10 3 , 8.5 × 10 3 , 3.6 × 10 3 , 2.1 × 10 3 and 2.3 × 10 3 units/mg respectively, similar to that of M. tuberculosis Wt DNA gyrase (2 × 10 3 units/mg). The absence of supercoiling activity of protein GyrA-box Gx3A was confirmed since the decatenation activity of this protein yielded a single band corresponding to relaxed DNA as observed with Topo IV ( Figure 4B ).
Finally, we tested the effect of the above mutations in the M. tuberculosis DNA gyrase on drug-induced DNA cleavage activity. As shown in Supplementary Figure S2 tuberculosis Wt DNA gyrase was at least 10-fold higher than that of E. coli DNA gyrase, but at least 10-fold lower than that of E. coli Topo IV (2 × 10 4 , 4 × 10 3 and 3 × 10 5 units/mg respectively). All five GyrA-box mutant enzymes (GyrA-box G540A , GyrA-box G541A , GyrA-box G543A , GyrA-box G543K and GyrA-box Figure S2B) . Interestingly, the determination of the structure of the CTD carrying the G540A substitution revealed no difference between the Wt and mutant structures (residue 540 is disordered), the lack of a structural change is consistent with the Wt-like activity of this mutant (Supplementary Table S1 ).
Identification of the GyrA-box-l, which is essential for supercoiling and decatenation, and is conserved in the Corynebacterineae suborder
Comparative sequence and structural analyses of the 'scratch loops' revealed that the β2-β3 loop of the fifth blade of the M. tuberculosis CTD possesses a sequence motif (QGRGGKG, residues 743-749) very similar to that of the GyrA-box. To determine whether this second motif (GyrA-box-l) (Figures 1 and  2 ) is present in other bacterial sequences, we performed a BLAST search using the UniRef50 database, which allows exploration of bacterial sequence space diversity. We identified 26 GyrAbox-l sequences, present at equivalent positions, in the β2-β3 loop of the fifth blade in DNA gyrases from various bacterial groups (Supplementary Figure S3 at http://www.biochemj.org/ bj/455/bj4550285add.htm). Interestingly, the complete GyrAbox-l was seen throughout the Corynebacterineae suborder, whereas it was found only occasionally in firmicutes and proteobacteria. Alignment of the 26 sequences revealed that, of the seven GyrA-box-l residues, only the arginine and the last glycine residues were conserved strictly in all boxes, whereas all residues were fully conserved in the GyrA-box-l sequences within the Corynebacterineae.
Because results obtained for the GyrA-box showed that the glycine residues are the key residues in the motif, we made similar mutant proteins, e.g. proteins harbouring alanine instead of individual or all conserved glycine residues in GyrA-box-l (Gly 746 , Gly 747 and Gly 749 ) (Figure 1 ). It should be noted that the only glycine residue of GyrA-box-l, which is conserved among all DNA gyrase CTDs, is Gly 749 . GyrA-box-l G746A had a supercoiling activity similar to that of the Wt enzyme, whereas GyrA-boxl G747A had a 100-fold lower supercoiling activity than Wt M. tuberculosis DNA gyrase at 250 mM KGlu (10 5 , 2 × 10 3 and 10 5 units/mg respectively), whereas GyrA-box-l G749A and GyrAbox-l Gx3A proteins were not capable of negatively supercoiling DNA ( Figure 3C ). The supercoiling activities of GyrA-box-l G747A enzymes increased in the absence of KGlu (5 × 10 4 units/mg), reaching the supercoiling activity of the Wt enzyme (results not shown), whereas GyrA-box-l G749A and GyrA-box-l Gx3A proteins remained unable to supercoil DNA.
All four GyrA-box-l mutant proteins were able to induce cleavage, even if GyrA-box-l Gx3A and GyrA-box-l G749A enzymes showed a cleavage activity lower than that of the Wt enzyme (Supplementary Figure S2C) (1.6 × 10 4 , 5 × 10 5 , <10 2 , <10 2 and 5 × 10 4 units/mg for GyrA-box-l G746A , GyrA-box-l G747A , GyrAbox-l G749A , GyrA-box-l Gx3A and Wt enzyme respectively). Importantly, unlike what we observed with the GyrA-box mutants, we found that mutations in GyrA-box-l affected decatenation activity ( Figure 4C ). Indeed, GyrA-box-l G746A and GyrA-box-l G747A enzymes had decatenation activity lower than that of Wt M. tuberculosis DNA gyrase (5 × 10 2 , 6.5 × 10 2 and 2 × 10 3 units/mg respectively), whereas GyrA-box-l G749A and GyrA-box-l Gx3A enzymes were unable to decatenate DNA ( Figure 4C ), even at high KGlu concentrations (1000 mM) (results not shown).
The CD spectra (190-260 nm) of the entire Wt GyrA subunit, the entire single mutant GyrA-box-l G749A and the entire triple mutant GyrA-box-l
Gx3A were recorded ( Figure 5 ). Although they showed slight differences, especially in the 190-200 nm and the 210-220 nm range, indicating a subtle rearrangement of the secondary structure in the mutant proteins, analysis of these spectra indicates that there is no global loss of secondary structure. Consequently, the loss of catalytic activities is not caused by perturbation of the structural integrity of the proteins.
DISCUSSION
It is well known that the two type II topoisomerases usually present in bacteria have dramatically different topological activities and distinct functions in bacterial cells [7, 46] . Several organisms, e.g. M. tuberculosis, possess a single type IIA topoisomerase. The functions of the unique orthologues and their evolution have not been studied to a large extent. We have shown previously that, when compared with E. coli DNA gyrase, M. tuberculosis DNA gyrase is a strong decatenase, a characteristic typically associated with Topo IV [34] . It is interesting to note that this was also observed for another mycobacterial DNA gyrase, that of M. smegmatis [24] . Results from the study by Tretter and Berger [4] are not totally consistent with the above findings, possibly because they used a recombinant E. coli gyrase from a different source. We investigated the M. tuberculosis DNA gyrase decatenation activity further by studying its CTD. We elucidated the role of the glycine residues of the two conserved motifs of the GyrA-box and the GyrA-box-l, and found notable differences between the M. tuberculosis and E. coli DNA gyrases. Our results show that the GyrA-box-l is essential for DNA gyrase functions including decatenation, whereas the GyrA-box does not affect decatenation activity (Figures 3 and 4) . This suggests that the M. tuberculosis DNA gyrase allows for an original DNA path around the CTD owing to two GyrA-boxes, the canonical box and GyrA-box-l ( Figure 6 ).
It has been shown that the CTD plays a central role in the supercoiling cycle [3] . After binding of a DNA segment, the Gsegment (gate segment), at the DNA gate, initially contacts with the CTD to cause an upward movement of this domain. In a tightly coupled process, the G-segment is then distorted and the flanking regions are wrapped around the CTD resulting in G-segment cleavage. The T-segment (transfer segment) trapped between the ATPase domains is positioned through N-gate narrowing, on complete wrapping of DNA around the CTDs. The results of the present study suggest that, during these first steps, the two GyrAboxes could play the role of two main anchoring points during the DNA recognition and binding processes. The GyrA-box motif, present in the first blade of the CTD, has been demonstrated to be essential for DNA wrapping around the CTD and DNA supercoiling (by deletion of the motif or its complete substitution by alanine residues [11] ). In a recent paper, cryo-EM data of the entire heterotetramer revealed that the GyrA-box plays a role in the stabilization of the T-and G-segments crossover [47] . In this structure, the pinwheel blades are oriented such that the GyrA-box motif is facing the central DNA-binding cavity below the ATPase domain. This allows the T-segment of an intramolecular DNA substrate to be positioned in the right orientation for positive crossover leading to negatively supercoiled DNA. As observed previously in other CTD structures, the loop containing the GyrAbox is highly flexible in the M. tuberculosis CTD structure, suggesting that the GyrA-box may also initiate interactions with DNA and would serve as a guide for the T-segment path ( Figure 6 ). In a further step, we fine-tuned our understanding of the role of the individual residues constituting the motif, showing that two of the conserved glycine residues of the GyrA-box are crucial for the supercoiling activity of the M. tuberculosis DNA gyrase and that this activity is abolished when the conformation of the loop is constrained following alanine for glycine substitutions. It is interesting to note that modifications of the loop conformation have no effect on the global structure of the CTD, as seen in the case of the GyrA-box G540A mutant where this structure is very similar to that of the Wt (results not shown).
In contrast, GyrA-box-l, located in the fifth blade, structurally packed on the fourth blade ( Figure 2 ) is sited at nearly 180
• from the first-blade GyrA-box ( Figure 6 ). Therefore we speculate that GyrA-box-l constitutes an external anchoring point for recognition and stabilization of an intermolecular DNA substrate promoting decatenation. Once more, the glycine residues are the crucial amino acids in this motif, especially Gly 749 . These observations, taken together, lead us to propose a scenario of M. tuberculosis DNA gyrase interaction with DNA, in which the presence of GyrA-box-l allows M. tuberculosis DNA gyrase to associate occasionally with two distal DNA segments rather than two closely spaced regions of the same DNA, thereby permitting catalysis of decatenation at a higher rate.
The CTD seems to be a key component with respect to the functional specificities of type IIA topoisomerases. However, it is thus far unclear how specific evolutionary modifications of this domain that become apparent, for instance, in general sequence divergence and differences in blade number (with variations from 0 to 6) and structural shape, help fine-tune the substrate selectivity and the functional output of bacterial type IIA topoisomerases [1, 2] . Interestingly, the CTD-encoding gene is expressed independently in B. burgdorferi where it can form higher-order nucleoprotein complexes with DNA [48] , consistent with what we observed in gel-shift experiments with the M. tuberculosis CTD alone. This suggests that the CTD may have acted originally as a type of nucleoid-associated protein that could assist in DNA compaction [49] , explaining its role in DNA wrapping when associated with a topoisomerase core. Focusing on DNA gyrases, it is presently clear that, although DNA gyrase is universal in bacteria, its spectrum of activity can be modulated by subtle structural rearrangements. Tretter and Berger [4] have discovered that the non-conserved acidic tail at the extreme Cterminus of the E. coli GyrA CTD has a dramatic impact on gyrase function and regulates DNA wrapping by the CTD to increase the coupling efficiency between ATP turnover and supercoiling. Karkare et al. [50] have obtained evidence for the existence of a calcium-binding site in M. tuberculosis GyrA localized in the linker region between the BRD and the CTD, which could play a role in regulating the activities of this enzyme. In the present study, we show that GyrA-box-l, present in the fifth blade of GyrA CTDs, is also central in the specialization of DNA gyrases from different species. The CTD itself is composed of several repeats of a single subdomain (blade), each of which contains remnants of the GyrAbox motif present in the first blade [51] , suggesting that originally all blades could have possessed a GyrA-box. Evolution could have preserved the GyrA-box in the first blade of all DNA gyrases because it is required for guiding DNA recognition, whereas selective pressure may have kept the second GyrA-box only in the Corynebacterineae and a few other species, in order to modulate DNA-substrate binding with a striking impact on topoisomerase and, more specifically, decatenation activities.
Finally, the alarming increase in number of nearly untreatable cases of drug-resistant tuberculosis worldwide motivates a detailed exploration of all structural and functional aspects of the mycobacterial metabolism. Type IIA topoisomerase has been established as an excellent drug target in the majority of bacteria including the mycobacteria and the fluoroquinolones are their sole inhibitors of medical interest [29] . It is conceivable that different classes of topoisomerase inhibitors may be found, similar perhaps to the discovery of the diverse classes of compounds that inhibit ribosome function, i.e. that of another, if considerably more complex, macromolecular machine. The full understanding of DNA-protein interactions as they occur during the wrapping of DNA around the CTD, and perhaps that of M. tuberculosis in particular, could contribute to the identification of novel compounds that interfere with these interactions. The sequence names are as follows: DNA gyrase CTD of E. coli (GYRA_ECOLI), B. burgdorferi (GYRA_BORBU), M. tuberculosis (GYRA_MYCTU), X. campestris (Q8PAB1_XANCP). Each line block corresponds to a blade. α-Helices (cylinders) and β-strands (arrows) are shown with the sequences and are colour-coded according to Figure 2 in the main text. The GyrA-boxes are delimited by black frames. The second blade glutamine residue (that corresponds to a proline in E. coli) is emphasized by burgundy shading.
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Figure S2 Cleavage activities in the presence of moxifloxacin
Cleavage activity in the presence of moxifloxacin (15 mg/l) of (A) Wt M. tuberculosis and E. coli DNA gyrase and E. coli Topo IV, (B) GyrA-box mutant and (C) GyrA-box-l mutant M. tuberculosis DNA gyrase. Protein concentrations are indicated in nM. Cleavage activity was measured in the presence of 250 mM KGlu. M0 corresponds to the activity measured without quinolone. L, linear; R, relaxed form; S, supercoiled form; TL, linear pBR322; TR, relaxed pBR322; TS, supercoiled pBR322.
